Highly oriented EuO nanocrystalline films via reduction process - NIR
  optical response by Mariscal, Antonio et al.
 1 
 
Highly oriented EuO nanocrystalline films via reduction 
process - NIR optical response 
 
A. Mariscal,1,* A. Quesada,2 A. Tarazaga Martín-Luengo,3 Miguel A. García,2,4 A. 
Bonanni,3 J. F. Fernández,2 R. Serna.1 
 
1Laser Processing Group, Instituto de Óptica, IO-CSIC, C/Serrano 121, Madrid, 28006, Spain 
 2Ceramics for Smart Systems Group, Instituto de Cerámica y Vidrio, C/ Kelsen 5, Madrid, 28049, Spain 
3Institut für Halbleiter-und-Festkörperphysik, Johannes Kepler University, Altenbergerstr. 69, Linz, A-4040, 
Austria 
4Instituto de Magnetismo Aplicado, UCM-ADIF-CSIC, Ctra. A6-km 22.5, Madrid, 28230, Spain 
 
Abstract: 
Nanocrystalline textured EuO thin films are prepared by an oxygen loss process from a pure Eu2O3 bulk 
ceramic target through pulsed laser deposition in vacuum at room temperature. X-ray diffraction spectra 
evidence a well-defined diffraction peak corresponding to the EuO phase textured along the (110) direction. 
Analysis of the XRD peak profile indicates that the films are nanocrystalline (average crystallite size of 11 nm) 
with a compressive residual strain. The formation of stoichiometric EuO is further confirmed by a strong signal 
from Eu2+ in the X-ray photoelectron spectra. The complex refractive index in the near infrared has been 
determined by spectroscopic ellipsometry and shows that the EuO films have a high transparency (k < 10-3) 
and a refractive index of 2.1. A band-gap shift of 0.25 eV is found with respect to the EuO bulk. These films, 
deposited by an accessible and efficient method, open a new route to produce EuO films with optical quality, 
suitable for NIR optoelectronic components. 
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1 - Introduction 
The ferromagnetic semiconductor EuO is one of the most interesting compounds for spintronics 
devices [1,2]. The high spin polarization, magnetic properties [3,4], and the potential to integrate EuO 
with relevant semiconductors such as Si, GaN, and GaAs [1,5,6], makes this material appealing from 
basic and applied standpoints. However, the synthesis of EuO is reported to be remarkably 
challenging [7], which has hindered a more prolific research in a wider range of fields besides 
magnetism and spintronics. Indeed, the most stable oxide of Europium is Eu2O3 and, therefore, to 
obtain the reduced oxide EuO requires a careful control of the oxygen pressure during preparation. 
With the exception of chemical solid-state reactions [7,8], most of the preparation methods of thin 
EuO films, are based on the evaporation from a pure Eu bulk material in the presence of a carefully 
controlled oxygen environment. Using this methodology most of the report are on the growth by 
molecular beam epitaxy (MBE) [9,10], and, to a lesser degree, by other deposition techniques like 
e.g., pulsed laser deposition (PLD) [11]. Among these techniques, PLD has the advantage of 
versatility to fabricate almost any material in thin film configuration [12], specially complex oxides 
[13–15], and film deposition can be achieved from vacuum to high gas pressure environments. Even 
if PLD is usually referred to as a technique that allows stoichiometric transfer from the target to the 
substrate, this stoichiometric transfer occurs only in the case of some oxides, such as Al2O3 [16]. For 
most oxides in vacuum, the ablation process produces an oxygen loss with respect to the original 
target, that can be restored controlling the background pressure [17–19]. In particular, target 
compounds consisting of heavy metals and light and volatile oxygen (e.g. Eu2O3) results in a strong 
oxygen deficiency due to the dissociation of the europium-oxygen bonds during the laser interaction 
with the target surface or afterward by collisions during plume propagation [20]. The dynamics of the 
plasma expansion are complex because there are many physical processes involved [21,22], however, 
this oxygen loss effect is an experimental well studied phenomenon that have been reported for a 
widely range of materials and works in thin films including, lead–niobium-germanate glass [23], 
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LiNbO3 [24], ZnO1-x [19], SrTiO2.5 [25], TiOx [26], Ga2Ox [27] and indium tin oxide [28] as some 
examples. 
In the present work, we show how to profit from the known kinetic process that produces a deficiency 
of oxygen in the PLD deposited layers, to facilitate the preparation of EuO films by oxygen loss 
process from a Eu2O3 target in vacuum at room temperature. This procedure, eliminates the need of 
using controlled O2 gas partial pressures as has been done up to date for the production of EuO in 
most reported works by physical deposition techniques [4,10,11,29]. We show that besides obtaining 
films with excellent EuO stoichiometry, they also exhibit an excellent crystalline texture, and notable 
magnetic and optical properties. The later are specially relevant because have been rarely studied in 
thin films [30], although they are relevant to achieve the integration of EuO in optoelectronic 
components. 
2 - Methods 
EuO thin films were prepared by PLD using an ultraviolet (UV) laser ArF excimer (λ = 193 nm; 20 
ns pulse duration). The laser beam is focused at an angle of incidence of approximately 45° onto the 
Eu2O3 target. Silicon wafers are employed as substrates and the ablation is performed in the off-axis 
configuration, i.e., the center of the substrate is not aligned with the plasma expansion axis. The 
substrate is rotated during deposition in order to obtain large areas of homogeneous thickness. The 
films are prepared using an energy density of (3.5 ± 0.2) J cm-2 at 20 Hz, with the substrates at room 
temperature (RT) and as a function of the background pressure from 10-5 to 10-4 Pa (see supplementary 
material). The thickness of the EuO films is ≈100 nm and without breaking the vacuum, a layer of 15 
nm of amorphous Al2O3 are deposited on top in order to protect them from oxidation upon ambient 
exposure. For the fabrication of the films, a Eu2O3 monoclinic phase target (fabricated by Ceramics 
of Smart Systems Group – CSIC) [31] and a commercial Al2O3 target are used.  
The stoichiometry of the EuO films has been assessed by x-ray photoelectron spectroscopy (XPS) 
measurements, using a Theta Probe XPS system from Themofisher with a monochromatic 1486.6 eV 
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Al-Kα X-rays operated at 15 kV and emission current of 6.7 mA. A maximum spot size of the X-ray 
beam of 400 µm in diameter has been employed, and a constant energy mode with constant pass 
energy of 50 eV (1.00 eV full width at a half maximum (FWHM) on Ag 3d5/2) has been used. In order 
to neutralize the charge build-up on the investigated surface, a standard dual flood gun provides 
simultaneously a beam of low energy electrons (2 eV) and a beam of low energy Ar-ions. The 
component of the C 1s photoelectron peak at a binding energy of 284.8 eV corresponding to a C − C 
environment is taken as a binding energy reference. The background residual pressure of the high 
vacuum analysis chamber is held in the low range of 10-7 Pa. In order to ensure the integrity of the 
layer under study, only the capping layer has been sputtered with 3 KeV Ar+ ions with a scan area of 
(2 x 2) mm2 and a 200 seconds sputter time. The formation of crystalline phases is assessed by means 
of X-ray diffraction (XRD) (D8 Advance, Bruker, Germany) with Cu Kα radiation. Spectroscopic 
ellipsometry (SE) measurements are performed in the 800 nm to 1700 nm wavelength range at 
incidence angles of 60°, 65° and 70° using a VASE ellipsometer (J.A. Woollam Co., Inc.) in order to 
determine the deposition rates, thickness and optical parameters of the material under investigation. 
The magnetic characterization has been carried out via a superconducting quantum interference 
device (SQUID) from Quantum Design.  
 
3 - Results and discussion 
3.1 – Structural properties 
Several samples as a function of different pressures from 10-5 to 10-4 Pa in order to find the optimal 
vacuum pressure to obtain the EuO thin films. The XRD spectra show that when the vacuum pressure 
decreases to values of 10-5 Pa, the formation of the EuO nanocrystals increases (see supplementary 
material for further details). Therefore the results show how the vacuum pressure is a key parameter 
to control the stoichiometry of the deposited thin films. These findings are in agreement with those 
reported of the growth of Eu2O3 thin films in a previous work. In this work we reported that for 
pressures of 10-4 Pa, the europium oxide deposited films have a 3+ (Eu2O3) chemical state with some 
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small traces of the 2+ oxidation state [32]. Conversely, in this work, we have achieved a 2+ oxidation 
state when we deposit at pressures of 10-5 Pa. These results will be further confirmed in the chemical 
characterization section. An example of the XRD spectrum of a EuO films grown at a vacuum 
pressure of 4.4∙10-5 is presented in Fig. 1 and shows two high intensity peaks, the first at 33.03° 
corresponding to the (211) reflections from the  Si substrate (01-072-1088), and the second centered 
at 50.49° and matching the position of the (220) orientation of EuO (00-018-0507). Since EuO 
crystallizes in a FCC lattice, only reflections with Miller indices all odd or even like ((111), (200), 
(220))… are permitted. Further analysis of the XRD spectrum provides in-depth information on the 
structure of the EuO film. The fact that the orientations (200) - intensity of 100% - and (100) - 
intensity of 90% - are not observed in the spectra points at a film strongly textured in the (110) 
direction. The significant broadening of the EuO (220) peak with respect to the Si one indicates that 
the film is formed by nanocrystallites. Furthermore, the EuO (220) peak shows a Lorentzian tail with 
a very good fitting as evidenced in Fig. 1, suggesting a slight contribution from non-uniform strain. 
In order to estimate the size of the nanocrystallites of EuO in the film we apply the Scherrer equation 
obtaining a mean size of the crystallites of ≈11 nm and concluding that the EuO film is nanocrystalline 
(more details in supplementary material). 
Moreover, it is worth underlining that there is a significant shift of the (220) peak from 50.19° to 
larger angles, 50.49°, pointing at residual compressive uniform strain in the (110) plane. This result 
is in agreement with the high density films fabricated by PLD, and with the fact that the Al2O3 capping 
layer can also introduce residual strain in the europium oxide thin films [32]. It is likely, that the 
texture of the films is generated by the particular geometry of the growth configuration, combining 
off-axis and rotation. In the off-axis configuration the species reach the substrate with an oblique 
angle of incidence. Recently, it has been reported that under these non-conventional growth 
arrangement, it is possible to fabricate complex and textured nanostructures [33], compatible with the 
high quality textured nanocrystalline EuO films obtained in the present work. 
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Fig. 1: XRD spectrum of EuO films with Lorentzian fitting for (220) EuO peak. 
 
 
 3.2 – Chemical characterization 
In Fig. 2 (a) the Eu 3d high resolution XPS spectrum of a EuO film grown under 10-5 Pa is shown. 
The Eu2+ 3d5/2 and Eu2+ 3d3/2 spin-orbit components (Δ = 30 ± 1 eV) are the main features observed, 
in agreement with Eu in the 2+ oxidation state. The two main asymmetric peaks, centered at 1124.95 
eV and 1154.14 eV respectively, are formed by a multiplet assigned to divalent Eu 3d, as theoretically 
calculated in previous works [29,34], together with a shake-up peak doublet (SU in the figure) at 
slightly higher energies with respect to the multiplet, and attributed to photoelectron energy loss 
common in rare earth compounds having unpaired electrons [35]. Two additional peaks with lower 
intensity and centered at 1134.03 eV and 1163.03 eV, are attributed to Eu in the 3+ oxidation state 
[36–38]. In this same position, satellite peaks were also reported [35]. In order to further support the 
assignment of these features, and to gain insight into those related to either satellites or weak 
contributions from Eu3+, high resolution XPS spectra of Eu 4d have been collected, as reported in Fig. 
2 (b). Here, no Eu3+-related signal is detected, indicating that the low-intensity peaks in the Eu 3d 
high resolution spectrum at 1134.03 eV and 1163.03 eV can be ascribed to satellites and possibly to 
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Eu3+ at the very surface of the EuO layer, due to the fact that the 3d photoelectrons have a smaller 
escape depth compared to the 4d ones, providing then surface-sensitive information. It should be 
noted that the two components shown in the Fig. 2 (b) − both assigned to Eu2+− are not related to a 
spin-orbit splitting, but to complex final state effects due to electron-electron interaction processes, 
associated with potential extra electronic transitions to empty 4f states [39]. 
This result shows that starting from a target with a Eu2O3 stoichiometry we have successfully formed 
films with a EuO stoichiometry, therefore we have achieved an oxygen loss process during PLD 
deposition. The oxygen loss process during the PLD has been reported in many works and it is  related 
to the kinetics of the ablation plume [17–19,23–28]. For example, experiments using 18O as an 
ambient tracer gas have clearly shown that only 55% of the oxygen present in the films is directly 
transferred from the target; the remaining portion is supplied form the ambient gas [40]. During the 
laser ablation of a multi-element target, dense plasma at the target surface is formed in which all the 
elements of the compound in the form of neutral atoms and ions are included. Subsequently, the 
expansion of this plasma in the normal direction the target surface forms the so called “ablation 
plume”. During the expansion of the plasma in vacuum (≤ 10-4 Pa) multiple collisions of the species 
within the plasma occur. In a rough approximation they can be considered as elastic collisions [21,22], 
and therefore it is found that in each collision heavier ions suffer less dispersion than lighter ions. In 
our films Eu is a much heavier element (152 u) compared to O (16 u) and therefore O species suffer 
a larger dispersion. As a consequence a larger fraction of O species is deviated from the normal 
direction and are not able to reach the substrate, and therefore the O content in the substrate is reduced 
favoring thus the formation of the EuO film. 
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Fig. 2: High resolution XPS spectrum of EuO films. (a) Eu 3d (b) Eu 4d. 
 
 
 3.3 – Magnetization measurements 
Magnetization measurements (detailed information in supplementary material) show a maximum 
magnetic moment of 5.7 μB/Eu calculated from the saturation magnetization, after subtracting the Si 
substrate diamagnetic component. This value is notable for a textured nanocrystalline thin film since 
it is comparable with the one reported for epitaxial PLD films [11], and even higher than some found 
for films grown by means of MBE [4].  
 
 3.4 Near-infrared Optical response 
While the magnetic characterization of EuO is widely reported in literature, the information on its 
optical properties is scarce and the optical dielectric function is only available for bulk material in 
publications from the ‘70s [41,42]. Nevertheless, the optical constants of EuO thin films are 
prompting increased attention and recently, a study about the absorption coefficient of thin films of 
this material has been disclosed [30]. In this context, we have studied the complete optical response 
of the EuO textured layers, with the aim to deepen the understanding of their optoelectronic behavior 
that is of interest for potential semiconductor applications. Ellipsometric measurements have been 
carried out in the range between 600 and 1700 nm in order to obtain the optical parameters in the part 
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of the visible region and in all near infrared (NIR), where the optical band-gap is expected [41,42]. 
In Figure 3 a) and b) the obtained values Ψ and Δ from the ellipsometric measurements at the angles 
65°, 70° and 75° (with symbols) and the fittings (with solid black lines) are represented. In figure 3 
c) the obtained n and k values in the NIR range for the EuO nanocrystalline thin films are plotted. 
The complex dielectric function has been modeled by a Cauchy formula in agreement with a fully 
transparent dielectric material in the NIR range. The refractive index is 2.1 and the absorption is 
negligible with k values of the order of 10-3 above 800 nm. These results allow us to conclude that the 
films show no band-gap in the NIR spectrum. This is a remarkable result, since the bulk EuO band-
gap has been reported at 1.12 eV (1107 nm) [43], and therefore we would have expected a high 
absorption above this value.  
If we look at the VIS region, below 900 nm, we observe the start of a clear absorption band with the 
k values increasing steadily. This band is attributed to the 4f to 5d transition of the semiconductor 
EuO [41]. To fit the optical data we have used the Tauc-Lorentz model. The Tauc-Lorentz model has 
been proven to be useful for modeling (with perfect Kramer-Kronig consistency) semimetals [44,45], 
semiconductors and dielectrics, in particular oxides [46,47]. It has shown to be specially successful 
for the modeling of the response of amorphous and nanocrystalline materials [48,49]. In our case, the 
Tauc-Lorentz method fits perfectly the ellipsometric measurements values as shown in Figure 3 a) 
b). From the fit of these values to a Tauc-Lorentz function we obtain a band-gap value of 1.37 eV 
which means that the band-gap has been shifted to shorter wavelengths by 0.25 eV, thus extending 
the transparency region to the NIR. A blue shift has already been reported for EuO nanolayers in 
which the shift was observed as the film thickness was reduced (1.1 nm – 1.4 eV) and this was related 
to quantum confinement in one dimension [30]. For the present films we do not have such a 
confinement because the films are over a 100 nm thick. However, the films are formed by 
nanocrystallites with average size of 11 nm, this means that the nanocrystals show a 3 dimensional 
quantum confinement effect and therefore a stronger quantum effect that can be the reason for the 
observed blue shift of the band gap. In addition, the role of compressive uniform strain cannot be 
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neglected since it has shown to be the responsible of significant changes in the band-gap of 
semiconductor materials [50,51], and even there is a theoretical study of this effect for EuO [52]. The 
possibility of tuning the band-gap in EuO film has interesting implications, since this tunability will 
ease the integration of EuO, particularly with relevant direct semiconductors –for example GaAs- 
pointing to inject spin-polarized electrons for spintronics LEDs devices.  
 
 
Fig. 3: a) and b), ellipsometric measurements (Ψ and Δ respectively) obtained at the angles 65°, 70° and 
75°. The symbols represent the data and the solid lines the fittings. c) Refractive index, n and k values, in 
the VIS-NIR range for the EuO nanocrystalline thin films. 
 
 
 
0
15
30
45
0
150
300
600 800 1000 1200 1400 1600
2,08
2,10
2,12
2,14
2,16
c)
b)

(d
e
g
re
e
s
)

a)
 Exp. 65°
 Exp. 70°
 Exp. 75°
 Fit
Nanocristalline
EuO band-gap
 
 
 (nm)
 n
Bulk EuO 
band-gap
 
0,00
0,03
0,06
0,09
0,12
 k
 11 
 
 
4 – Conclusions 
 
In summary, we have devised a method to synthesize highly oriented nanocrystalline EuO thin films 
grown by an efficient oxygen loss process in vacuum at RT, and they have been investigated by means 
of XPS measurements to confirm the EuO stoichiometry. A textured structure of the layers – with 
strained nanocrystals of a size of 11 nm– is revealed by XRD profile analysis. 
Concerning the optical dielectric function of the semiconductor EuO, the films are transparent (k< 
10-3) in the NIR (905 nm to 1700 nm) with high refractive index of 2.1. The band-gap of the EuO 
nanocrystalline films is blue shifted from 1107 nm to 905 nm (1.12 eV to 1.37 eV) respect to the bulk, 
suggesting thus that the optoelectronics properties are potentially tunable either through quantum 
confinement and/or strain. This result paves the way for the accessible fabrication of tailored EuO 
films for integrate -optoelectronics and spintronics- devices. 
 
5 – Supplementary material 
See supplementary material for the details of the samples deposition as a function of the vacuum 
pressure, XRD spectra, calculation of the nanocrystalline size by Scherrer equation and the magnetic 
response characterization. 
 
6 - Acknowledgements 
This work has been financially supported by the Spanish Ministry of Economy and Competitiveness 
through the projects MINECO/FEDER TEC2015-69916-C2-1-R, MAT2013-47878-C2-1-R and 
MAT2013-48009-C4-1-P co-funded with FEDER funds. Support by the EC’s Horizon2020 Research 
and Innovation Programme (grant 645776), by the Austrian Science Fund – FWF (P24471 and 
P26830), and by the NATO Science for Peace Programme (grant 984735) is acknowledged. A.M. 
acknowledges the financial support through BES-2013-062593. 
 
 12 
 
7 - References 
 
[1] A. Schmehl, V. Vaithyanathan, A. Herrnberger, S. Thiel, C. Richter, M. Liberati, et al., Epitaxial 
integration of the highly spin-polarized ferromagnetic semiconductor EuO with silicon and GaN., Nat. 
Mater. 6 (2007) 882–887. doi:10.1038/nmat2012. 
[2] P.G. Steeneken, L.H. Tjeng, I. Elfimov, G. a Sawatzky, G. Ghiringhelli, N.B. Brookes, et al., 
Exchange splitting and charge carrier spin polarization in EuO., Phys. Rev. Lett. 88 (2002) 47201. 
doi:10.1103/PhysRevLett.88.047201. 
[3] B.T. Matthias, R.M. Bozorth, J.H. Van Vleck, Ferromagnetic interaction in EuO, Phys. Rev. Lett. 7 
(1961) 160–161. doi:10.1103/PhysRevLett.7.160. 
[4] J. Lettieri, V. Vaithyanathan, S.K. Eah, J. Stephens, V. Sih, D.D. Awschaiom, et al., Epitaxial growth 
and magnetic properties of EuO on (001) Si by molecular-beam epitaxy, Appl. Phys. Lett. 83 (2003) 
975–977. doi:10.1063/1.1593832. 
[5] A.G. Swartz, J. Ciraldo, J.J.I. Wong, Y. Li, W. Han, T. Lin, et al., Epitaxial EuO thin films on GaAs, 
Appl. Phys. Lett. 97 (2010). doi:10.1063/1.3490649. 
[6] D. V. Averyanov, C.G. Karateeva, I.A. Karateev, A.M. Tokmachev, M. V. Kuzmin, P. Laukkanen, et 
al., A prospective submonolayer template structure for integration of functional oxides with silicon, 
Mater. Des. 116 (2017) 616–621. doi:10.1016/j.matdes.2016.12.055. 
[7] T. Mairoser, J.A. Mundy, A. Melville, D. Hodash, P. Cueva, R. Held, et al., High-quality EuO thin 
films the easy way via topotactic transformation, Nat. Commun. 6 (2015) 7716. 
doi:10.1038/ncomms8716. 
[8] P. Sukveeradachgul, W. Pijitrojana, The characterization of EuO nanocrystals using synchrotron light, 
Appl. Surf. Sci. 254 (2008) 7651–7654. doi:10.1016/j.apsusc.2008.01.130. 
[9] T.S. Santos, J.S. Moodera, Observation of spin filtering with a ferromagnetic EuO tunnel barrier, 
Phys. Rev. B - Condens. Matter Mater. Phys. 69 (2004) 1–4. doi:10.1103/PhysRevB.69.241203. 
[10] R. Sutarto, S.G. Altendorf, B. Coloru, M. Moretti Sala, T. Haupricht, C.F. Chang, et al., Epitaxial and 
layer-by-layer growth of EuO thin films on yttria-stabilized cubic zirconia (001) using MBE 
distillation, Phys. Rev. B - Condens. Matter Mater. Phys. 79 (2009) 1–9. 
doi:10.1103/PhysRevB.79.205318. 
[11] J.N. Beukers, J.E. Kleibeuker, G. Koster, D.H. a Blank, G. Rijnders, H. Hilgenkamp, et al., Epitaxial 
EuO thin films by pulsed laser deposition monitored by in situ x-ray photoelectron spectroscopy, Thin 
Solid Films. 518 (2010) 5173–5176. doi:10.1016/j.tsf.2010.04.071. 
[12] A. Pereira, S. Bonhommeau, S. Sirotkin, S. Desplanche, M. Kaba, C. Constantinescu, et al., 
Morphological and crystalline characterization of pulsed laser deposited pentacene thin films for 
organic transistor applications, Appl. Surf. Sci. 418 (2017) 446–451. 
doi:10.1016/j.apsusc.2017.01.281. 
[13] A.K. Kunti, K.C. Sekhar, M. Pereira, M.J.M. Gomes, S.K. Sharma, Oxygen partial pressure induced 
effects on the microstructure and the luminescence properties of pulsed laser deposited TiO 2 thin 
films, AIP Adv. 7 (2017) 15021. doi:10.1063/1.4973721. 
[14] H. Schraknepper, C. Bäumer, F. Gunkel, R. Dittmann, R.A. De Souza, F. Gunkel, et al., Pulsed laser 
deposition of SrRuO3 thin-films : The role of the pulse repetition rate, APL Mater. 126109 (2016). 
doi:10.1063/1.4972996. 
[15] S.S.A. Seo, J. Nichols, J. Hwang, J. Terzic, J.H. Gruenewald, M. Souri, et al., Selective growth of 
 13 
 
epitaxial Sr2IrO4 by controlling plume dimensions in pulsed laser deposition, Appl. Phys. Lett. 109 
(2016). doi:10.1063/1.4967450. 
[16] R. Serna, J.C.G. de Sande, J.M. Ballesteros, C.N. Afonso, Spectroscopic ellipsometry of composite 
thin films with embedded Bi nanocrystals, J. Appl. Phys. 84 (1998) 4509–4516. 
doi:10.1063/1.368676. 
[17] R. Groenen, J. Smit, K. Orsel, A. Vailionis, B. Bastiaens, M. Huijben, et al., Research Update: 
Stoichiometry controlled oxide thin film growth by pulsed laser deposition, APL Mater. 3 (2015) 
70701. doi:10.1063/1.4926933. 
[18] H.M. Christen, G. Eres, Recent advances in pulsed-laser deposition of complex oxides., J. Phys. 
Condens. Mat. 20 (2008) 264005. doi:10.1088/0953-8984/20/26/264005. 
[19] C.-H. Min, S. Cho, S.-H. Lee, D.-Y. Cho, W.G. Park, J.G. Chung, et al., Effect of oxygen partial 
pressure on the Fermi level of ZnO1−x films fabricated by pulsed laser deposition, Appl. Phys. Lett. 
96 (2010) 201907. doi:10.1063/1.3432398. 
[20] R. Dittmann, Stoichiometry in epitaxial oxide thin films, in: Ep. Growth Complex Met. Oxides, 
Elsevier, 2015: pp. 231–261. doi:10.1016/B978-1-78242-245-7.00009-9. 
[21] M. Stafe, A. Marcu, N.N. Puscas, Material removal and deposition by pulsed laser ablation and 
associated phenomena, Springer Ser. Surf. Sci. 53 (2014) 143–214. doi:10.1007/978-3-642-40978-
3_5. 
[22] M. Stafe, A. Marcu, N.N. Puscas, Laser-matter interaction above the plasma ignition threshold 
intensity, Springer Ser. Surf. Sci. 53 (2014) 77–141. doi:10.1007/978-3-642-40978-3_4. 
[23] O. Sanz, J. Gonzalo, A. Perea, J.M. Fernández-Navarro, C.N. Afonso, J. García López, Wide 
transparency range and high refractive index lead-niobium-germanate glass thin films, Appl. Phys. A 
Mater. Sci. Process. 79 (2004) 1907–1911. doi:10.1007/s00339-004-2868-7. 
[24] J.A. Chaos, J. Gonzalo, C.N. Afonso, J. Perrière, M.T. García-González, Growth of stoichiometric 
and textured LiNbO3 films on Si by pulsed laser deposition, Appl. Phys. A Mater. Sci. Process. 72 
(2001) 705–710. doi:10.1007/s003390100863. 
[25] R. Perez-Casero, J. Perrière, A. Gutierrez-Llorente, D. Defourneau, E. Millon, W. Seiler, et al., Thin 
films of oxygen-deficient perovskite phases by pulsed-laser ablation of strontium titanate, Phys. Rev. 
B. 75 (2007) 165317. doi:10.1103/PhysRevB.75.165317. 
[26] Y. Davila, A. Petitmangin, C. Hebert, J. Perrire, W. Seiler, Oxygen deficiency in oxide films grown 
by PLD, Appl. Surf. Sci. 257 (2011) 5354–5357. doi:10.1016/j.apsusc.2010.10.075. 
[27] C. Hebert, A. Petitmangin, J. Perrière, E. Millon, A. Petit, L. Binet, et al., Phase separation in oxygen 
deficient gallium oxide films grown by pulsed-laser deposition, Mater. Chem. Phys. 133 (2012) 135–
139. doi:10.1016/J.MATCHEMPHYS.2011.12.078. 
[28] J. Perrière, C. Hebert, A. Petitmangin, X. Portier, W. Seiler, M. Nistor, Formation of metallic 
nanoclusters in oxygen deficient indium tin oxide films, J. Appl. Phys. 109 (2011) 123704. 
doi:10.1063/1.3596578. 
[29] C. Caspers, M. Müller, A.X. Gray, A.M. Kaiser, A. Gloskovskii, C.S. Fadley, et al., Chemical 
stability of the magnetic oxide EuO directly on silicon observed by hard x-ray photoemission 
spectroscopy, Phys. Rev. B. 84 (2011) 205217. http://link.aps.org/doi/10.1103/PhysRevB.84.205217. 
[30] G.M. Prinz, T. Gerber, A. Lorke, M. Müller, Quantum confinement in EuO heterostructures, Appl. 
Phys. Lett. 109 (2016). doi:10.1063/1.4966223. 
 14 
 
[31] A. Quesada, A. del Campo, J.F. Fernández, Sintering behaviour and translucency of dense Eu2O3 
ceramics, J. Eur. Ceram. Soc. 34 (2014) 1803–1808. doi:10.1016/j.jeurceramsoc.2013.12.034. 
[32] A. Mariscal, A. Quesada, I. Camps, F.J. Palomares, J.F. Fernández, R. Serna, Tuning Eu3+ emission 
in europium sesquioxide films by changing the crystalline phase, Appl. Surf. Sci. 374 (2016) 71–76. 
doi:10.1016/j.apsusc.2015.09.183. 
[33] A. Barranco, A. Borras, A.R. Gonzalez-Elipe, A. Palmero, Perspectives on oblique angle deposition 
of thin films: From fundamentals to devices, Prog. Mater. Sci. 76 (2016) 59–153. 
doi:10.1016/j.pmatsci.2015.06.003. 
[34] E.J. Cho, S.J. Oh, S. Imada, S. Suga, T. Suzuki, T. Kasuya, Origin of the high-binding-energy 
structure in the 3d core-level spectra of divalent Eu compounds, Phys. Rev. B. 51 (1995) 10146–
10149. doi:10.1103/PhysRevB.51.10146. 
[35] R. Vercaemst, D. Poelman, R.L. Van Meirhaeghe, L. Fiermans, W.H. Laflère, F. Cardon, An XPS 
study of the dopants’ valence states and the composition of CaS1 - xSex:Eu and SrS1 - xSex:Ce thin 
film electroluminescent devices, J. Lumin. 63 (1995) 19–30. doi:10.1016/0022-2313(94)00059-L. 
[36] M.Y.A. Yagoub, H.C. Swart, L.L. Noto, J.H. O’Connel, M.E. Lee, E. Coetsee, The effects of Eu-
concentrations on the luminescent properties of SrF 2:Eu nanophosphor, J. Lumin. 156 (2014) 150–
156. doi:10.1016/j.jlumin.2014.08.014. 
[37] J.S. Kang, Y.K. Jeong, J.G. Kang, L. Zhao, Y. Sohn, D. Pradhan, et al., Observation of mediated 
cascade energy transfer in europium-doped ZnO nanowalls by 1,10-phenanthroline, J. Phys. Chem. C. 
119 (2015) 2142–2147. doi:10.1021/jp5090795. 
[38] A.H. Reshak, Z.A. Alahmed, J. Bila, V. V. Atuchin, B.G. Bazarov, O.D. Chimitova, et al., 
Exploration of the Electronic Structure of Monoclinic α-Eu 2 (MoO 4 ) 3 : DFT-Based Study and X-
ray Photoelectron Spectroscopy, J. Phys. Chem. C. 120 (2016) 10559–10568. 
doi:10.1021/acs.jpcc.6b01489. 
[39] R. Vercaemst, D. Poelman, L. Fiersmans, R.L. Van Meirhaege, W.H. Laflere, F. Cardon, A detailed 
XPS study of the rare earth compounds EuS and EuF3, J. Electron Spectrosc. Relat. Phenom. 74 
(1995) 45–56. doi:10.1016/0368-2048(95)02349-6. 
[40] R.G. Roman, R.P. Casero, C. Maréchal, J.P. Enard, J. Perrière, 18O isotopic tracer studies of the laser 
ablation of Bi2Sr2Ca1Cu2O8, J. Appl. Phys. 80 (1998) 1787. doi:10.1063/1.362989. 
[41] G. Güntherodt, Optical properties and electronic structure of europium chalcogenides, Phys. Condens. 
Matter. 18 (1974) 37–78. doi:10.1007/BF01950500. 
[42] T. Kasuya, S-F Exchange Interactions and Magnetic Semiconductors, C R C Crit. Rev. Solid State 
Sci. 3 (1972) 131–164. doi:10.1080/10408437208244863. 
[43] D. Ghosh, M. De, S. De, Electronic structure and magneto-optical properties of magnetic 
semiconductors: Europium monochalcogenides, Phys. Rev. B. 70 (2004) 1–7. 
doi:10.1103/PhysRevB.70.115211. 
[44] A. Zimmer, O.A. Williams, K. Haenen, H. Terryn, Optical properties of heavily boron-doped 
nanocrystalline diamond films studied by spectroscopic ellipsometry, Appl. Phys. Lett. 93 (2008) 
131910. doi:10.1063/1.2990679. 
[45] P. Němec, A. Moreac, V. Nazabal, M. Pavlišta, J. Přikryl, M. Frumar, Ge–Sb–Te thin films deposited 
by pulsed laser: An ellipsometry and Raman scattering spectroscopy study, J. Appl. Phys. 106 (2009) 
103509. doi:10.1063/1.3259435. 
[46] I. Valyukh, S. Green, H. Arwin, G.A. Niklasson, E. Wäckelgård, C.G. Granqvist, Spectroscopic 
 15 
 
ellipsometry characterization of electrochromic tungsten oxide and nickel oxide thin films made by 
sputter deposition, Sol. Energy Mater. Sol. Cells. 94 (2010) 724–732. 
doi:10.1016/J.SOLMAT.2009.12.011. 
[47] B. von Blanckenhagen, D. Tonova, J. Ullmann, Application of the Tauc-Lorentz formulation to the 
interband absorption of optical coating materials, Appl. Opt. 41 (2002) 3137. 
doi:10.1364/AO.41.003137. 
[48] G.E.J. Jr., F.A. Modine, Parameterization of the optical functions of amorphous materials in the 
interband region, Appl. Phys. Lett. 69 (1998) 371. doi:10.1063/1.118064. 
[49] P. Petrik, Parameterization of the dielectric function of semiconductor nanocrystals, Phys. B Condens. 
Matter. 453 (2014) 2–7. doi:10.1016/j.physb.2014.03.065. 
[50] A.M. Smith, A.M. Mohs, S. Nie, Tuning the optical and electronic properties of colloidal nanocrystals 
by lattice strain., Nat. Nanotechnol. 4 (2009) 56–63. doi:10.1038/nnano.2008.360. 
[51] Y. Sun, S.E. Thompson, T. Nishida, Physics of strain effects in semiconductors and metal-oxide-
semiconductor field-effect transistors, J. Appl. Phys. 101 (2007) 1–22. doi:10.1063/1.2730561. 
[52] N.J.C. Ingle, I.S. Elfimov, Influence of epitaxial strain on the ferromagnetic semiconductor EuO: 
First-principles calculations, Phys. Rev. B - Condens. Matter Mater. Phys. 77 (2008) 1–4. 
doi:10.1103/PhysRevB.77.121202. 
 
  
 16 
 
Highly oriented EuO nanocrystalline films via reduction process - 
NIR optical response 
 
A. Mariscal,1,2 A. Quesada,2 A. Tarazaga Martín-Luengo,3 Miguel A. García,2,4 A. 
Bonanni,3 J. F. Fernández,2 R. Serna.1 
 
1Laser Processing Group, Instituto de Óptica, IO-CSIC, C/Serrano 121, Madrid, 28006, Spain 
 2Ceramics for Smart Systems Group, Instituto de Cerámica y Vidrio, C/ Kelsen 5, Madrid, 28049, Spain 
3Institut für Halbleiter-und-Festkörperphysik, Johannes Kepler University, Altenbergerstr. 69, Linz, A-4040, 
Austria 
4Instituto de Magnetismo Aplicado, UCM-ADIF-CSIC, Ctra. A6-km 22.5, Madrid, 28230, Spain 
 
Supplementary material 
 
Samples 
After the results obtained in the reference [1] where we found a small contribution of the europium 
oxide in the 2+ oxidation state, several samples (around 20) were made as a function of the, laser 
energy, temperature and vacuum pressure in order to understand how the growth parameter affects 
the formation of the europium monoxide. We have identified that the background vacuum was the 
key factor to obtain the best samples. In table I is presented a set of 3 samples as a function of the 
background pressure. 
 
Name Vacuum Pressure (Growth) [10-5 Pa] Thickness [nm] 
4.4  4.4 140 
9.7 9.7 164 
14 14 106 
 
                                                          
2 Author to whom correspondence should be addressed. Electronic mail: antonio.mariscal@csic.es 
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Table SI: Data for the as-deposited samples. The data corresponding to sample 4.4 are shown in 
the manuscript  
 
XRD Analysis 
The results of the XRD measurements of the as-deposited samples are presented in figure 1. For the 
vacuum pressure corresponding to 14∙10-5 Pa (sample 14), the spectrum presents no features of the 
europium monoxide in good agreement with the reference [1]. However, in reference [1] we find 
some contributions of the europium 2+ oxidation state by XPS analysis. This result means that we 
have a fraction of europium monoxide contribution in amorphous state which is not detectable by 
XRD measurements. For the sample growth at 9.7∙10-5 Pa (sample 9.7) we can distingue two broad 
peaks (30° and 50.49°) and one very narrow centered in 33.03°. The two broad peaks correspond to 
the (111) and (220) orientations of the europium monoxide (EuO) and the narrow peak corresponds 
to the (211) reflection from the Silicon substrate. Finally, for the sample growth at 4.4∙10-5 Pa (sample 
4.4) we find a peak of the (220) orientation of the EuO but no features in the (111) direction, that 
means a strong texture in the (220) orientation. Also note, that this XRD measurement for the sample 
4.4 is a different measurement from the showed in the manuscript. In the manuscript, the peak of the 
Silicon substrate (211) appears since here not. The apparition of this narrow Silicon peak is an artifact 
and is related with the orientation of the sample that can be give signal from the edge of the substrate.  
The results show how controlling the vacuum pressure we can favored the formation of the europium 
monoxide by ablating a europium sesquioxide target. As we explain in the manuscript, for most 
oxides in vacuum, the ablation process produces a stoichiometry reduction with respect to the original 
target, that can be restored controlling the background pressure [2,3]. This oxygen deficiency is 
related to the kinetics of the ablation plume, which plays a crucial role in the stoichiometry of the 
films. For high vacuum pressures (≤ 10-4 Pa), it is reported that heavier ions suffer less dispersion 
than lighter ions, for example, oxygen [4–6]. 
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Figure S1: XRD spectra for the samples 14, 9.7 and 4.4. 
 
 
Scherrer analysis 
The characteristic size of the nanocrystallites in the film can be estimated using the Scherrer equation. 
The broadening of the diffracted beam that produces a parallel monochromatic radiation can be 
written as:  
𝑆 =  
𝐾𝜆
(𝛽𝑜𝑏𝑠 − 𝛽𝑠𝑡𝑑)cos 𝜃
 
 
where S is the mean size of the crystallite, K a numerical constant related with the form of the 
crystalline and with a typical value of 0.93, λ the wavelength of the  incident X-rays, βobs the line 
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broadening at FWHM of the relevant peak (in radians), βstd the instrumental line broadening (in 
radians) and θ  the Bragg angle. 
 Being βstd instrument dependent, its quantification is not straightforward. In our case, we have used 
the (221) peak from the single crystal Si substrate at 33.03° as instrument line broadening. Inserting 
all the known values, as summarized in Table II, in the above equation we obtain a mean size of the 
crystallites of ≈11 nm for the sample 4.4 and we can conclude that the EuO film is highly textured 
and nanocrystalline.  
 
Peak pos. 
[°2Th] 
β obs. [°2Th] β std. [°2Th] Crystallite size [Å] 
50.492 0.804 0.035 114 
 
Table SII. 4.4 sample parameters used for the Scherrer equation. 
 
Magnetic response 
Figure S.1 shows the magnetization of the sample 4.4 as a function of the applied field (up to a 
maximum of 50 kOe) at RT (300 K) and 10 K. At 300 K, the films behave as a paramagnetic, as 
expected for EuO, whose Curie temperature (Tc) is reported to be about 70 K [7]. In contrast, the 
measurements at 10 K show a magnetization curve with virtually no hysteresis obtaining a coercivity 
of 0.5 Oe. In order to find out if the films are superparamagnetic, we perform a Langevin analysis on 
the magnetization curve realizing that it is not possible to fit the data to the Langevin function. 
Therefore, this result confirms the ferromagnetic nature of the EuO film. The most relevant 
consequence is that a maximum magnetic moment of 5.7 μB/Eu is calculated from the saturation 
magnetization, after subtracting the Si substrate diamagnetic component. We notice that the 5 T 
applied field is not sufficient to fully saturate the sample, which could account for the slightly lower 
value compared to the theoretical moment of 7 μB/Eu [8]. In addition, a reduction of the saturation 
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magnetization has been previously reported for magnetic oxide nanoparticles by size effects [9]. 
Concluding, the magnetic moment value obtained for the present EuO thin films (5.7 μB/Eu), is 
comparable with the one reported for epitaxial PLD films [10], and even higher than some found for 
films grown by MBE [11]. 
 
 Figure S2 :  Magnetization as function of applied field at 300 K and 10 K 
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